Distal ulnar ostectomy may be performed palliatively in patients with distal ulnar osteosarcoma.
INTRODUCTION
Surgical excision of the styloid process of the ulna may be implemented in palliative treatment of distal ulnar osteosarcoma. 1 Improved understanding of the effects of distal ulnar ostectomy on carpal joint stability is important for assessing postoperative and follow-up radiographs of the surgical site as well as for differentiating between causes of lameness or joint laxity should they occur following treatment. Additionally, for clinicians making recommendations regarding treatments for distal ulnar osteosarcoma, knowledge of expected outcomes, and possible side effects is necessary.
The canine carpus is a complex weight-bearing ginglymus (hinge) joint composed of three joints; antebrachiocarpal, middle carpal, and carpometacarpal. These joints primarily allow for flexion and LeeAnn Pack present address is Southland Vets, Jonesboro, AR, USA.
Previous presentations or abstracts:
Portions of this study were published in an abstract and presented at 2015 American College of Veterinary Radiology Annual Scientific Conference. extension with some lateral movement. 2 The antebrachiocarpal and middle carpal joints provide the most movement in the carpus. 2 The antebrachiocarpal joint is reinforced by extra-and intraarticular ligaments, the palmar carpal fibrocartilage (a part of the carpal joint capsule), the flexor retinaculum, and the flexor and extensor tendons. 3 The ligaments stabilizing the antebrachiocarpal joint include the short medial and lateral collateral, radioulnar, dorsal radiocarpal, palmar radiocarpal, palmar ulnocarpal (with a connection to the accessory carpal bone), and accessoriocarpoulnar. 4 Transection of the palmar carpal ligaments (palmar radiocarpal, palmar ulnocarpal, and short collateral) individually result in hyperextension of the carpus. 5 However, tendons crossing the palmar aspect of the carpus as well as the palmar joint capsule contribute minimally in limiting hyperextension. 5 Additionally, in a racing Greyhound, it was reported that tears in the short lateral collateral ligament, the dorsal radiocarpal ligament, and the dorsolateral portion of the joint capsule lead to lateral carpal instability and varus during weight bearing. 6 Normal canine carpal Vet Radiol Ultrasound. 2019;60: [19] [20] [21] [22] [23] [24] [25] [26] [27] . c 2018 American College of Veterinary Radiologyrange of motion has been reported in non-weight bearing and weightbearing dogs using goniometry, 7-9 stress radiography, 7 radiography in standing dogs, 10 and in kinematic studies. 10, 12 In stress radiography, a controlled force is applied to a joint to demonstrate any abnormal spatial relationships between its components. 13 In addition to its use in evaluating normal range of motion, stress radiography has also been used previously to aid the diagnosis of medial or lateral carpal instability 9 and ligamentous tears and sprains. 6, 14 Currently, there is a lack of standardization for making stress radiographs of the canine carpus and the radiographic anatomic landmarks to be used in assessing laxity that correlate with findings from goniometric and kinematic studies. Information regarding complications associated with limb-sparing surgery of the antebrachium is prevalent but commonly refers to the distal radius and grafting procedures. [15] [16] [17] [18] Little literature exists addressing carpal stability following distal ulnar ostectomy. Of five dogs in an abstract evaluating peri-and postoperative complications of partial ulnectomy and pancarpal arthrodesis, all five dogs were found to use the affected limb the day after surgery; and the arthrodesis "was satisfactory in the menagement [sic] of the radiocarpal instability resulting from the removal of the ulnar styloid." 19 The amount of instability in patients undergoing partial ulnar ostectomy without concurrent stabilization is not addressed in this abstract. In a study of 30 dogs with primary ulnar osteosarcoma, three were treated with partial ulnar ostectomy including removal of the styloid process with no concurrent carpal stabilization. 1 Of these, no lameness was observed 2-3 months following surgery in two of the dogs, and follow-up information was not available for the third dog. 1 At the time of this study, no systematic reports on the effect of removal of the styloid process with transection of supporting ligaments on the stability of the canine carpus were found. The hypothesis for the current study was that transection of the palmar ulnocarpal ligament and short lateral collateral ligament that typically occurs during distal ulnar ostectomy will cause postoperative hyperextension and lateral instability of the carpus in a group of canine cadavers.
MATERIALS AND METHODS

Study design and power analysis
The study was a prospective, one group, pretest, posttest design. 
Radiographic protocol
Radiographs were acquired by a veterinary radiology resident (A.Y.)
with the assistance of a board-certified veterinary surgeon (P.A.) for stress radiographs. The humerus was stabilized with sandbags and dressing tape while radiographs were acquired. Digital radiographs were obtained (RapidStart TM Clinical Radiography System, SoundEklin, Carlsbad, CA and Canon Imaging System Sensor Panel, Canon USA, Lake Success, NY) using 250 mA, 10 ms, and a kVp between 70 and 78, based on a radiographic technique chart and the thickness of the limb. Neutral dorsopalmar and mediolateral radiographs were made using established radiographic techniques. 21 A metallic Kirschner wire was placed through the distal humeral metaphysis and held in place by one of the authors for stress radiographs. For stress radiographs, the radial and ulnar styloid processes were palpated and used as anatomic landmarks. For the mediolateral radiographs of the carpus in extension, the carpus was stabilized by a wooden spatula placed at the radiocarpal joint immediately distal to the styloid processes. The digits were secured with a nylon lead and the manus was manually distracted dorsally until maximum angulation was achieved ( Figure 1 ). Maximum angulation was defined as a point at which additional force yielded no palpable or grossly observable difference in angulation of the carpus. For the lateral and medial stress views, a wooden spatula was placed distal to the radial styloid process and ulnar styloid processes, respectively (Figures 2 and 3A ).
F I G U R E 1
Mediolateral radiograph of a canine cadaver carpus in a hyperextended position. A line was drawn from the center of the humeral condyle through the middle of the dorsopalmar length of the distal aspect of the intermedioradial carpal bone to represent the axis of the antebrachium. A second line was drawn parallel to the dorsal aspect of either metacarpal bone III or IV; whichever was more dorsally positioned. This second line represents the axis of the metacarpus. Carpal angle was measured between the antebrachial and metacarpal axes along the palmar aspect of the carpus along the curved line F I G U R E 2 Dorsopalmar lateral stress radiograph of a canine cadaver carpus. A line was drawn from the tip of the medial coronoid process through the tip of the radial styloid process, representing the axis of the antebrachium. The dotted line is parallel to the axis of the antebrachium, and is included in this image to demonstrate the carpal angle (but was not drawn for the purposes of this study). A second line was drawn between the long axes of metacarpal bones III and IV, representing the axis of the metacarpus. Carpal angle was measured between the antebrachial and metacarpal axes along the curved line
Comparison between dorsopalmar radiographs of a canine cadaver carpus pre-ulnar ostectomy (A) and post-ulnar ostectomy (B) showing a difference in the angle of the carpus during medial stress. In this limb, an angle difference of 3.5˚was found
The digits were secured with a nylon lead and manually distracted alternately medially and laterally while the carpus was stabilized with the wooden spatula. The manus was distracted until maximum angulation was achieved. Limb-positioning and application of stress on the limbs was performed by one author (A.Y.) for consistency in technique.
Surgical protocol
Partial ulnar ostectomies were performed by one veterinary surgeon (P.A.) using a previously described approach to the styloid process of the ulna. 22 The osteotomy was performed immediately distal to the interosseous ligament, at 50% of the length of the ulna. The styloid process was then disarticulated and freed from its attachments. The ulnaris lateralis tendon and flexor retinaculum were preserved. The short lateral collateral, palmar ulnocarpal, and radioulnar ligament were transected. The distal radioulnar synovial joint and the lateral aspect of the carpal joint capsule were cut during this procedure.
As part of a separate study, 20 screws were placed at the caudal proximal aspect of the ulna, an external fixator was placed with pins placed mediolaterally through the distal humeral and distal radial metaphyses, and thin pins were placed as markers into the cranial distal radial metaphysis and the dorsal fourth metacarpal diaphysis.
All but one of the surgical implants were removed prior to imaging.
A pin was left in the distal humerus to aid in positioning during radiography. Following partial ulnectomy, all radiographic projections were repeated through coordination of both the radiology resident (A.Y.) and the surgeon (P.A.) in the positions described for preoperative radiographs.
Data recording
Radiographs were evaluated by a veterinary radiology resident 
Statistical analyses
The radiology resident analyzed data using statistical software 
RESULTS
Eleven canine cadavers were initially selected. Because some of the limbs were to be used for teaching purposes, not all limbs were harvested from the cadavers for the current study. In total, 13 thoracic limbs were collected, six of which were excluded. Four limbs (two from the same dog) were excluded due to a preoperative valgus conformation, one limb was excluded for skeletal immaturity based on radiographic assessment, and one limb was excluded due to radiographic evidence of flexor enthesopathy. A total of seven limbs from six canine cadavers were used for subsequent analyses. Figure 3A and B).
The differences were as follows (mean ± standard deviation (95% confidence interval)): 6.2 • ± 4.9 (2.6-9.8) (P = 0.007) in extension, Table 1 . A comparison between preoperative carpal angles from the current study and previously reported carpal angles from normal limbs is provided in Table 2 . Notes.^difference between pre-and post-ulnar ostectomy carpal angles; *significant difference; CI, 95% confidence interval; SD, standard deviation.
TA B L E 1 Carpal angle measurements of seven canine cadaver limbs during stress radiographs
A tendency was noted for supination of the carpus during medial and lateral stress radiographs, which lead to multiple repeat radiographs in some limbs.
DISCUSSION
Statistically significant increases in carpal angle were found in the cadaver carpi post-distal ulnar ostectomy in extended lateral, medial stress, and lateral stress radiographic positions compared to preoperative angles. In our study, preoperative canine carpal angle measurements approximate previously published data; however, our carpal angles acquired from cadaver limbs are larger than those that have been found in live dogs (Table 2) . Although the cause of discrepancy between current and previously published carpal angles is uncertain, we suspect that the method of carpal angle measurement and the use of cadaver limbs are likely sources of this difference.
The method of carpal angle measurement was altered slightly from previously reported methods. On the dorsopalmar radiographs, the long axis of the antebrachium has been defined as a line at the medial cortex of the radius. 7, 8 A separate report defines the axis of the antebrachium as a line bisecting the radius drawn through two points at 2 and 6 cm proximal to the distal radius. 14 The authors felt that the mild curvature of the radial cortex would cause inconsistency in defining the antebrachial line when using the medial radial cortex as a landmark. The latter method was also not used in the current study, as it required multiple measurements that could add to variability in the data. A line drawn from the medial coronoid process of the ulna to the radial styloid process produced a similar line to those reported, and was reproducible throughout this study. In the current study, the axis of the manus on the dorsopalmar view was drawn bisecting the space between metacarpal bones III and IV, as was reported previously. 7 This is in comparison to using the lateral cortex of metacarpal III as a landmark as reported in another study. 14 On the mediolateral view, the axis of the metacarpus has been previously defined as a line along the long axis of metacarpal bones III and IV. 7 The authors of the current study found that the multiple overlapping cortices of the metacarpal bones obscured the long axis of the individual metacarpal bones.
Moreover, the dorsal aspects of metacarpal bones III and IV were the best-defined portions of the bone, which is why they were selected to determine the axis of the antebrachium. The metacarpal bone (III or IV) that was more dorsally positioned was used as the anatomic landmark. These differences between measurement methods likely account for mild differences between previously reported and current carpal angle measurements.
Prior to performing this study, the effects of utilizing cadaver limbs compared to live patients were considered. The authors speculated there would be muscle laxity and associated tendon laxity that could lead to some carpal instability. However, the contribution of the flexor tendons and the joint capsule to joint stability has previously reported to be minimal. 5 Consequently, such a large difference between previously reported and current preoperative range of motion was not expected. To limit postmortem changes, cadavers were frozen immediately after euthanasia. Even so, freezing and thawing may have contributed to degradation of the soft tissues stabilizing the carpus.
Two thoracic limbs were collected from the same cadaver in one were not accounted for during this study.
Lateral carpal instability might be expected in carpi following distal ulnar ostectomy because of the transection of the lateral supporting structures of the radiocarpal joint. As was reported in a racing Greyhound, tears in the short lateral collateral ligament, the dorsal radiocarpal ligament and the dorsolateral portion of the joint capsule lead to lateral carpal instability and varus during weight-bearing. 6 In the current study, a mild but significant medial carpal instability was found in addition to the lateral carpal instability. The authors speculate that this may be due to absence of the styloid process to act as a buttress at the lateral aspect of the radiocarpal joint.
The appearance of carpal instability can change with positioning of the joint. 6 In the case report of the racing Greyhound, lateral carpal instability was not detected using stress radiography while the carpus was extended. When the carpus was flexed 90 • and the same stress was applied, marked widening of the radiocarpal joint and carpal subluxation was found. 6 In the current study, dorsopalmar stress radiographs were made with the joint positioned at 180 • (neither flexed nor extended) as has been described. 21 Flexion of the joint may lead to radiographic distortion and miscalculation of the carpal joint angles. 23 Further investigation may be warranted to evaluate the effects of joint flexion on the amount of carpal instability detected radiographically, and the accuracy of such radiographic measurements.
In the current study, carpal stability during physiologic weightbearing was not assessed; this data was collected as part of a separate study. 20 Horizontal-beam radiography is not routinely used in assessing weight-bearing joints in small animal patients. The methods used in the present study more closely reflect radiographic techniques used
TA B L E 2
Comparison of current and previously reported carpal angle measurement in normal limbs of dogs assessed using stress radiography and goniometry 32 (2) 196 (2) 12 (2) 7 (1 
Conscious
__________
Notes.^no significant difference was found between goniometric and radiographic measurements; however radiographic measurements were not reported; *contralateral limbs of adult dogs with medial or lateral unilateral carpal instability and no other evidence of orthopedic disease; ∼measurements were extrapolated based on the different angles measured in this study compared to the current study; --information not available; SD, standard deviation.
for patients presented following distal ulnar ostectomy or suspected carpal laxity.
Our study has several limitations. The small sample size precluded statistical analysis of possible effects of outside factors such as sex.
The number of limbs originally included in the study exceeded the amount determined by the power calculation from our pilot study;
however, because of poor anatomic conformation, skeletal immaturity, and pathology, several limbs were necessarily excluded. Another limitation was the lack of a complete orthopedic history in the canine cadavers acquired for the study. Previous soft tissue injury to the carpus could have possibly caused increased joint laxity or restricted range of motion. An incomplete history was unavoidable in canine cadavers that were acquired from the local humane society. Examina- When obliquity was present, repeat images were made to obtain a straight view of the carpus, sacrificing mild obliquity of the elbow, because the carpus was our primary area of interest. Pre-and postoperative radiographs were selected for straightness as well as similarity in positioning for consistency. The mild obliquity in radiographic positioning in this study should reflect the mild variation that would likely be encountered clinically.
In conclusion, findings from the current study supported the hypothesis that distal ulnar ostectomy performed in canine cadaver limbs causes a significant decrease in carpal stability as assessed with stress radiography. These results should be considered when 
